The distal end of the eukaryotic flagellum/cilium is important for axonemal growth and signaling and has distinct biomechanical properties. Specific flagellum tip structures exist, yet their composition, dynamics, and functions are largely unknown. We used biochemical approaches to identify seven constituents of the flagella connector at the tip of an assembling trypanosome flagellum and three constituents of the axonemal capping structure at the tips of both assembling and mature flagella. Both tip structures contain evolutionarily conserved as well as kinetoplastid-specific proteins, and component assembly into the structures occurs very early during flagellum extension. Localization and functional studies reveal that the flagella connector membrane junction is attached to the tips of extending microtubules of the assembling flagellum by a kinesin-15 family member. On the opposite side, a kinetoplastidspecific kinesin facilitates attachment of the junction to the microtubules in the mature flagellum. Functional studies also suggest roles of several other components and the definition of subdomains in the tip structures. flagellar distal end | trypanosome | flagella connector | axonemal capping structure | structure immunoprecipitation F lagella and cilia are evolutionarily conserved organelles, which function in motility, signaling, and sensing. Malfunctions of flagella/cilia have been implicated in many inherited diseases and developmental abnormalities, including primary ciliary dyskinesia, Meckel-Gruber syndrome, Bardet-Biedl syndrome, and polycystic kidney disease (1) . The core microtubule-based axoneme and the proximal basal body have been the focus of much study, including their ultrastructure, protein composition, and assembly in relation to the cell cycle, cell, and tissue development. In contrast, there is a dearth of information about the distal tip of the flagellum/cilium. This is the site of assembly of components delivered by the intraflagellar transport system (2), of localization of soluble signaling molecules (3, 4) , and of distinct mechanical properties critical for flagellar beat (5) . These unique tip features are reflected by a very discrete ultrastructure (6) (7) (8) (9) . However, we know little about how flagellum tip structures form during flagellum assembly, how they change postaxoneme assembly, or their molecular composition. There is only a single well-characterized protein (FAP256/CEP104) known to be related to structures at the distal end of the axoneme (10, 11) .
Trypanosoma brucei is a unicellular flagellate that causes sleeping sickness in humans and nagana in animals. This parasite undergoes a complex life cycle during which it switches between the mammalian host and the tsetse fly insect vector. In T. brucei the flagellum is attached along most of its length to the cell body and is essential for cell motility, morphogenesis, and cell division (12, 13) . Trypanosomes offer a superb system for understanding flagellum tip functions. Not only do they exhibit the general tip features outlined above, but also, during a single cell cycle, each cell assembles a new flagellum while maintaining the existing one. Hence, both the assembling and existing tip structures can be addressed simultaneously in the same cell.
The assembling trypanosome flagellum tip has a flagella connector (FC), which is a mobile membrane junction linking it to the side of the old flagellum, an association that is implicated in inheritance of cell pattern (9, 14, 15) . The FC has a complex structure and can be divided into five distinct zones ( Fig. 1) (9, 15) . Zone 1 in the new flagellum is composed of a filamentous network linking axonemal microtubule tips to zone 2-a discrete electron-dense layer underlying the new flagellum membrane at the membrane junction. Zone 3 comprises the new and old flagellum membranes at the junction plus the interstitial layer. Zone 4 is the discrete electron-dense layer underneath the old flagellum membrane, and zone 5 comprises a filamentous network linking zone 4 to microtubules of the old axoneme.
The FC is formed very soon after formation of the transition zone (TZ), the junction between the basal body and the axoneme (9, 15) . The FC then provides constant attachment of the extending new flagellum tip on the old flagellum while migrating along the old flagellum (14, 15) . This migration is independent of new axoneme elongation (12, 16) . The FC movement ceases when the structure reaches a "stop point" (16) . Continued extension of the new flagellum is thus associated with a posterior migration of the new basal body, together with the associated kinetoplast (mitochondrial DNA), contributing to mitochondrial genome segregation (16) . This robust flagella connection is severed by an unknown mechanism during the late stage of cytokinesis (15) .
In addition to its relevance in the cell cycle of T. brucei, the FC is an experimentally useful structure making the trypanosome flagellum system particularly tractable for examination of the distal tip. Using this, we developed a proteomic approach that proved very powerful in identifying molecular constituents of discrete structures in the flagellum tip cytoskeleton. We identified tip proteins, some of which are specific to the tip of the new flagellum and others of which are shared between the new and
Significance
The distal end of the eukaryotic flagellum/cilium has critical functions, yet due to its small dimensions and association of tip structures with the axoneme is rather intractable to studying. We have developed biochemical approaches to identify a cohort of proteins specific for the flagellum tip structures. We sublocalized these proteins into individual structures. Using functional studies, we elucidated how the identified proteins contribute to the function of the flagella connector, the mobile membrane junction at the tip of the trypanosome flagellum.
old flagellum tips. We have further localized these proteins to individual tip structures. The precise localization, presence of protein domains of known functions, and, importantly, analyses of depletion phenotypes give a clear view of functions of the components and insights into redundancies in these complex cytoskeletal architectures.
Results
Identifying Flagella Connector Proteins. To identify FC constituents, we used 2D difference gel electrophoresis and mass spectrometry (MS) to compare the protein composition of procyclic (tsetse midgut) form trypanosome flagellar cytoskeletons with those of bloodstream form trypanosomes, which do not possess an FC (15, 17) . Proteins with a significantly higher abundance in the procyclic flagella were tagged with yellow fluorescence protein (YFP) and localized (18) .
One protein, Tb927.8.940-YFP, was present as a dot at the new flagellum tip exclusively in cells with two flagella (2F cells) ( Fig. 2A) (18) . The signal was resistant to detergent treatment and overlapped with that of the AB1 monoclonal antibody, which marks a central component of the FC (zones 2-4) (15) (Fig. 2 B and C and SI Appendix, Table S1 ). To confirm the localization of Tb927.8.940-YFP to the FC and to sublocalize it, we performed immunogold labeling and transmission electron microscopy (TEM). We labeled detergent-treated negatively stained whole-mount cytoskeletons, so that many cells could be viewed and their cell-cycle status determined. In these samples, the filaments of zone 1 are clearly visible (Fig. 2 D and E) . Zones 2-4 likely correspond to an ∼90-nm wide and 400-nm long tri-laminar core (TLC) (15) . Following Tb927.8.940-YFP labeling, the majority of gold particles were found within the TLC (Fig. 2 D and E and SI Appendix, Table S2 ), which is in accord with Tb927.8.940 having two predicted transmembrane domains (for bioinformatics analysis, see SI Appendix, Table S3 ). We concluded that Tb927.8.940 is an FC-specific constituent and named it the flagella connector protein 1 (FCP1) (18) .
A Western blot with an anti-YFP antibody indicated that FCP1-YFP migrates at a lower molecular weight than predicted (∼120 kDa versus ∼260 kDa) (SI Appendix, Fig. S1 ), suggesting some proteolytic processing. However, proteomics provided evidence for the full-length FCP1 protein migrating at a higher molecular weight than the tagged one (SI Appendix, Fig. S1 ). Whether the truncated variant is a consequence of YFP tagging remains to be determined.
Structure Immunoprecipitation Approach Identifies Flagellum Tip Proteins.
We developed a successful approach for identification of more tip proteins, which we termed structure immunoprecipitation (SIP).
Flagellar cytoskeletons prepared from FCP1-YFP-expressing trypanosomes (Fig. 3A) were fragmented by sonication (Fig. 3B) , and fragments containing YFP-tagged FCs were enriched by binding to anti-YFP antibody/magnetic beads (Fig. 3C) . SDS/PAGE confirmed the specificity of the anti-YFP antibody interaction because the vast majority of proteins in the bound material were absent from the negative control, a similarly treated untagged cell line (Fig. 3D) . The protein profile of the bound material was similar to the input material of sonicated flagellar cytoskeletons (Fig. 3D) , consistent with cytoskeletal fragments rather than pure FCs being immunoprecipitated. However, Western blotting analysis confirmed the enrichment of FCP1-YFP in the bound material relative to the input (Fig. 3E) , and this enrichment was even higher when comparison was made to the FC-depleted unbound material (Fig. 3E) . Other FC constituents were expected to be revealed by similar enrichment patterns. In addition, due to an association of the FC with the distal end of the axoneme, the SIP approach may also reveal components of other flagellum tip structures.
To assess enrichment of protein species in the bound compared with the unbound material, we analyzed both fractions by label-free spectral index normalized quantitation MS (19, 20) . Results of a single SIP experiment are summarized in Fig. 3F (see also Dataset S1, part 1). A total of 336 protein species were detected in the bound material. The bait protein FCP1 was enriched 219-fold. Ten proteins showed a higher enrichment, and a number of proteins showed a lower but significant enrichment.
To validate these candidates, we expressed them as YFP-tagged fusion proteins in procyclic trypanosomes. Five of the top 10 most highly enriched candidates, and one from the group with a lower enrichment, localized to flagellar tips ( Fig. 3F and SI Appendix, Fig. S2 ) with the YFP signals retained after detergent extraction (Fig. 4) . This high hit rate was achieved with a single SIP experiment, showing the power of the approach. Four proteins were present exclusively at the new flagellum tip of dividing 2F cells. These proteins included Tb927.3.4960, a member of the kinetoplastid-specific kinesin-X1 clade (21), which we named FCP2/TbKinX1; Tb927.8.7540, a previously uncharacterized repetitive kinetoplastid-specific protein, FCP3; Tb927.10.890, a member of the ubiquitous kinesin-15 family (21), FCP4/TbKin15; and Tb927.11.1340, which was recently described as the FC constituent FC1 (22) . In addition, two proteins without clear homology outside the Kinetoplastida, Tb927.7.6180, which we named axonemal capping structure 1 (ACS1), and Tb927.11.450, ACS2, were present at tips of both new and old flagella (Fig. 4) . For bioinformatics analysis of these proteins, see SI Appendix, Table S3 . The remainder of the tagged proteins localized to various structures other than flagellar tips (Dataset S1, part 1).
The 1 M NaCl incubation during flagellar cytoskeleton preparation may have solubilized less strongly associated FC constituents. We therefore developed a flagellar cytoskeleton preparation protocol using 0.2 M of NaCl and repeated the SIP experiment using FCP1-YFP as bait. All five proteins identified as specific for the new flagellum tip in the 1-M NaCl SIP experiment were again highly enriched (Dataset S1, part 2). However, a number of proteins likely to be false positives based on previous experimental or bioinformatics knowledge were also highly enriched. This may stem from an inefficient shielding of unspecific ionic interactions between solubilized proteins and axonemal microtubules at this lower salt concentration. We therefore compared our flagellum tip SIP data with SIP data from a control experiment targeting the tripartite attachment complex at the proximal end of the flagellum (23) . A pattern emerged, whereby the new flagellum tip-specific proteins were detected exclusively in the bound material of the FCP1-YFP SIP (SI Appendix, Table S4 ). Two other previously uncharacterized proteins with an identical pattern also localized to the new flagellum tip of dividing 2F cells (SI Appendix, Fig. S2 ), with the YFP signals retained after detergent extraction ( Fig. 4 and SI Appendix, Fig. S2 ). Tb927.1.2710 has no apparent homology outside the Kinetoplastida and was not studied further. Tb927.11.8150 is a member of the ubiquitous Unc-51-like kinase 4 (ULK4) family, and we refer to it as FCP5/TbULK4. The T. brucei genome contains a second gene coding for an ULK protein, Tb927.11.4470, a member of the Fused family (24) . This FCP6/TbFused protein tagged with YFP was also found to localize specifically to the new flagellum tip of dividing cells (SI Appendix, Fig. S2 and Fig. 4 ).
Identified Proteins Localize to Different Subcompartments. To determine the localization of the identified proteins within the tip region, we compared the position of their YFP signals with the position of the AB1 antibody signal, a marker for the middle (TLC) of the FC (15) . In the following sections, we refer to the protein names for clarity, while recognizing that they are localized by YFP fusions. Unless indicated otherwise, we present data obtained using detergent-extracted cells, termed the cytoskeletons; these allow for a straightforward determination of the flagellar configuration, the cell-cycle status, and the morphology of the cellular cytoskeleton.
We observed that FCP4/TbKin15 localized between the AB1 signal and the new axoneme tip (Fig. 4A and SI Appendix, Table S1 ). Similarly, two proteins present at the tips of all flagella, ACS1 and ACS2, localized closer to the new axoneme tip than the AB1 signal did (Fig. 4 B and C and SI Appendix, Table S1 ). Tb927.10.14880, a trypanosome ortholog of FAP256/CEP104, identified bioinformatically as a reciprocal best BLAST hit for human CEP104, also displayed a similar localization pattern ( Fig. 4D and SI Appendix, Table S1 ). We therefore named it ACS3/TbCEP104. The signal of FC1 often overlapped with that of AB1 (Fig. 4E and SI Appendix, Table S1 ). FCP2/TbKinX1, FCP3, FCP5/TbULK4, and FCP6/TbFused localized between the AB1 signal and the old axoneme (Fig. 4 F-I and SI Appendix, Table S1 ).
Immunogold EM Labeling Sublocalizes Proteins to Specific Tip
Structures. To determine more precisely the protein localization into tip structures, we performed EM immunogold labeling using anti-YFP antibodies on cell lines expressing fusion proteins.
FCP4/TbKin15 localized to the distal portion of the new axoneme (zone 1 of the FC) ( Fig. 5A and SI Appendix, Table S2 ).
In the new flagellum, ACS1 localized to a circular structure capping the distal end of the axoneme, the ACS (Fig. 5B and SI Appendix, Table S2 ). A strongly labeled ACS was also observed at tips of the old axoneme in 2F cells and of the axoneme in 1F cells (Fig. 5C ). ACS2 was localized between the TLC and the tip of the new axoneme ( Fig. 5D and SI Appendix, Table S2 ) and within the ACS of the old axoneme and the axoneme in 1F cells (Fig. 5E ). Labeling for ACS3/TbCEP104 in the new flagellum tip region was weaker, making it difficult to localize it unambiguously. However, it appeared associated with the new axoneme, in particular with its tip (Fig. 5F and SI Appendix, Table S2 ). In nondividing 1F cells, the protein localized to the ACS (Fig. 5G ).
Similar to FCP1 (Fig. 2E ), FC1 and FCP3 were localized to the TLC (zones 2-4) ( Fig. 5 H and I and SI Appendix, Table S2 ). We were unable to localize FCP2/TbKinX1, FCP5/TbULK4, and FCP6/TbFused by immunogold labeling. This may reflect inaccessibility of these proteins to the gold-conjugated antibody.
Tip Structures Assemble Early After Transition Zone Formation. The start of new flagellum formation is one of the earliest visible events in the T. brucei cell cycle (25, 26) . It initiates with maturation of the probasal body into the new basal body, followed by assembly of the new flagellum TZ, and then the flagellar axoneme (26) . Using light microscopy and antibodies against the T. brucei TZ constituent protein FTZC (27), we were able to assess the timing of appearance of individual FC constituents in the new flagellum tip region.
There was no FCP3 or FCP4/TbKin15 signal observed in the basal body/probasal body region of cells with a single TZ (n = 100) ( Fig. 6 A and B) . In the case of FCP1, there was no signal in 94% of cells (n = 76 of 81) (Fig. 6C) , with the remaining 6% of cells having a very faint signal. Finally, 20.2% (n = 44 of 217) of cells with a single TZ possessed a probasal or new basal-body-associated FCP6/ TbFused signal (Fig. 6D) . In 100% of cells with the second TZ recently formed on the new basal body (as judged by the absence of the new axoneme by phase-contrast imaging), FC constituents were always observed juxtaposed distal to the TZ (n > 20 for each protein shown in Fig. 6 E-H) . This shows that, although some FC constituents may be present on the new basal body, the FC is fully assembled in the very earliest period after TZ formation.
We observed that no ACS constituent signals were present in the basal body/probasal body region of cells with a single TZ (n > 60 cells for each protein) (Fig. 6 I-K) . Upon formation of the new TZ, the signals were found juxtaposed distal to it in 71% of ACS1 (n = 10 of 14 cells), 94% of ACS2 (n = 16 of 17 cells), and 100% of ACS3/TbCEP104 (n = 16) tagged cells (Fig. 6 L-N) , suggesting that the ACS is elaborated in the early period after TZ formation. The signal of ACS1 at the tip of short new flagella was low (Fig. 6L ) and increased progressively as the new flagellum elongated, ultimately reaching the levels observed at the old flagellum tip (SI Appendix, Fig. S3A ). The intensity of the ACS2 new flagellum tip signal was independent of the new flagellum length and twofold higher than that at the tip of the old flagellum (SI Appendix, Fig. S3B ). Finally, ACS3/TbCEP104 intensities at the new and old flagellum tips were similar (SI Appendix, Fig. S3C) . Identification of constituents of different FC zones enabled us to examine where within the FC structure severing occurs during disconnection of the old/new flagella (15) and what happens to FC constituents thereafter.
In the rare cells undergoing cytokinesis with flagella disconnected at the FC, the FCP4/TbKin15 signal was retained at the new flagellum tip (n = 9 of 9 cells) (Fig. 6O) , consistent with the protein constituting zone 1 of the FC. Furthermore, 10.4% (n = 35 of 338) of nondividing 1F cells possessed an FCP4/TbKin15 dot-like signal, invariably located at the flagellar tip (SI Appendix , Fig. S4A ); these are likely daughters inheriting the new flagellum after a recent cell division event. This also implies that the protein is removed from the flagellar tip before construction of the new flagellum initiates.
In contrast, the signal of FCP3 was generally retained in the old flagellum following disconnection of the two flagella due to FC severing (7 cells versus 1 cell with the signal at the new flagellum tip) (Fig. 6P) (Fig. 4) Fig. S4B ).
The behavior of the FC constituents indicated that the severing event occurred within zones 2-4. We therefore assessed the behavior of FCP1, which localizes to these zones. In the rare cells in cytokinesis with disconnected flagella, the FCP1 signal was found at the new flagellum tip (n = 3) or on the old flagellum side (n = 3) or was absent (n = 2). Thus, FC severing can occur on either side of the membrane junction. In accordance, 1F cells with the signal present either on the side (n = 9) or at the tip (n = 6) of their flagellum were present in the culture. The low frequency of these cells (< 1% of 1F cells) indicated rapid removal of the FCP1 from the FC remnant following severing. Table S5 ). In contrast, depletion of four FC constituents individually-FCP1, FC1 (also reported in ref. 22 ), FCP2/TbKinX1, and FCP4/TbKin15-resulted in a substantial increase in cells with their new flagellum tip not in contact with the old flagellum ( Fig. 7 A and B and SI Appendix, Fig. S5 and Table S5 ). The phenotype was observed in cells in all cell-cycle stages (SI Appendix, Table S5 ). It was, however, most prevalent in late cell-cycle stages, suggesting that it was caused by precocious FC severing rather than lack of FC formation.
The aberrant flagella connection was most frequent upon depletion of FCP2/TbKinX1 (SI Appendix, Table S5 Fig. S6C ). Similarly, 1F cells from these cultures did not exhibit morphological abnormalities (SI Appendix, Fig. S6D) .
We examined the possibility that the FC was functional in living cells, but was severed in the process of sample preparation, indicative of FC weakening. First, we imaged live cells by light microscopy. In uninduced cultures, no 2F cells with long new flagella not connected to the old ones were observed (n = 24), including cells in cytokinesis (SI Appendix, Fig. S7A ). In contrast, 45 .2% of cells (n = 19 of 42) with long new flagella had no visible flagella connection in RNAi-induced cultures (SI Appendix, Fig. S7B ).
Next, we used scanning electron microscopy (SEM) to image whole cells fixed directly in growth medium (without any detergent). In uninduced cultures, all cells with long new flagella before cytokinesis (n = 12) and the majority of cells in cytokinesis (n = 22 of 26) retained a functional FC (Fig. 7C ) with unconnected flagella observed only in cells with a very prominent cleavage furrow (Fig. 7D) . In these cells, the tip of the new flagellum had no link to the old one (n = 4) (Fig. 7E) . In RNAiinduced cultures, SEM confirmed the presence of 2F cells without a cleavage furrow in which the new flagellum tip was not in close contact with the old flagellum (Fig. 7F) . Intriguingly, in the majority of these cells, a thin tube linked the new flagellum tip to the side of the old flagellum (n = 19 of 29) (Fig. 7F) . The tube originated from a rectangular structure, which protruded above the membrane close to the new flagellum tip (Fig. 7G) . It is noteworthy that the aberrant flagella connection did not affect the new flagellum positioning on the cell surface (Fig. 7F) .
To address whether the presence of 2F cells with functional FCs in the RNAi-induced culture was due to an incomplete RNAi penetrance, we constructed a cell line with a knockout of both alleles coding for FCP2/TbKinX1. The proportion of 2F cells with a functional FC in both cultures was comparable (SI Appendix, Table S5 ), indicating that precocious FC severing likely operated in only some cells because of a complex local protein environment and functional redundancies.
Depletion of FCP3, FCP5/TbULK4, FCP6/TbFused, and ACS constituents by RNAi had no apparent effect on the FC, which was severed in a timely manner (SI Appendix, Fig. S5 and Table  S5 ). Depletion of FCP6/TbFused, however, led to the occurrence of "double" cells, i.e., two cells connected by a thick cytoskeletal bridge at their posterior ends (SI Appendix, Fig. S8 ). Although of a low frequency (3% of all cells, n = 16 of 518), this phenotype is significant, because we did not observe similar cells in wild-type cultures. These cells were likely products of an uncompleted cytokinesis and resemble a phenotype observed in flagella motility mutants (28, 29) .
Depletion of FC Constituents Reveals Function of Individual Proteins.
To study the cause of the aberrant flagella connection in RNAiinduced cultures, we imaged the new flagellum tip region in cytoskeletons by negative staining TEM. To exclude cells not affected by RNAi, we performed immunogold labeling for the respective YFP-tagged protein targeted by RNAi. Importantly, the vast majority of cytoskeletons in RNAi-induced cultures were devoid of gold labeling (above the background level) (Fig. 8) , confirming specificity of labeling and RNAi effectiveness.
Depletion of FCP4/TbKin15 caused the filaments in zone 1 linking the TLC to the new axoneme tip to become less conspicuous (Fig. 8A) , whereas the structure and dimensions of the TLC were unchanged (Fig. 8A and SI Appendix, Fig. S9 ). In cells with unconnected axonemes (n = 11), no FC-like structures were observed either at the tip of the new axoneme (Fig. 8B) or on the old axoneme. Clearly, in the absence of the flagella connection, the position of the FC along the old axoneme cannot be easily anticipated.
Depletion of TLC-localizing FCP1 or FC1 resulted in the loss of structural organization in the TLC (Fig. 8 C and D) . Its long axis was often shorter than 280 nm (Fig. 8 C, D, G, and H) , which was never observed in uninduced cells (Fig. 8 G and H) . Structures of a similar, reduced length were also found at tips of the new axonemes unconnected to the old ones due to FCP1 or FC1 depletion (Fig. 8 E-H) .
Depletion of FCP2/TbKinX1 compromised the attachment of the TLC to the old axoneme. The TLC was either partially detached (Fig. 8I) or not in contact with the old axoneme (Fig.  8J) . In these cases, the association with the new axoneme tip was typically preserved (n = 14 versus 1 cell without an FC at the new axoneme tip) (Fig. 8J) . The TLC displayed its typical trilaminar organization and in most cases normal dimensions (SI Appendix, Fig. S9) .
Depletion of the remaining FC and ACS constituents, which did not lead to an aberrant FC activity, had no effect on the organization and dimensions of the TLC (SI Appendix, Fig. S9 ) nor on its attachment to the two axonemes. Thus, an aberrant FC activity in particular RNAi-induced cultures is linked to constituent-specific changes in FC ultrastructure.
Importantly, EM imaging also revealed the function of the key mechanistic players of the FC. To test this quantitatively, we created cell lines allowing for inducible RNAi knockdown of individual proteins in the background of YFP-tagged FCP1 (a positional marker localizing between the old and the new flagellum). We observed that all 2F cells with unconnected axonemes due to depletion of FCP4/TbKin15 (n = 35) possessed the YFP-labeled membrane junction on the side of the old axoneme (Fig. 8K) , consistent with this protein constituting the linkage between the junction and the tip of the new axoneme microtubules. All 2F cells with unconnected axonemes due to depletion of FCP2/TbKinX1 (n = 60) possessed the YFP-labeled junction at the tip of the new axoneme (Fig. 8L) , showing that this protein attaches the junction to the side of the microtubules in the old axoneme. Interestingly, knockdown of FC1 caused the FCP1-YFP signal to diminish in all 2F cells, including cells with unconnected axonemes (n = 20) (Fig.  8M) , indicating a dependency in recruitment of the two junctionlocalizing proteins to the FC and providing an explanation for the similarity of their depletion phenotypes.
Discussion
The SIP Approach: Identifying Constituents of Discrete Cytoskeletal
Structures. Biochemistry of higher-order cytoskeletal structures represents a considerable challenge due to their insoluble nature. Because purification of individual structures is difficult, we devised a simple biochemical approach based on their enrichment. The enrichment pattern efficiently identified FC constituents, although these proteins would have never been considered as likely candidates based on the abundance criterion typifying a purification approach. Moreover, the majority of these proteins were not detected in previous flagellar fractions; hence their substantial enrichment before MS analysis appears fundamental for their detection. We recently used a similar approach for identification of constituents of the trypanosome TZ (30) . Hence, the SIP approach is highly successful for analyzing discrete protein structures and regions of the cytoskeleton of cells. It adds to the existing repertoire of techniques, such as the proximity-dependent biotinylation approach (31) .
The FC Is a Membrane Junction Attached by Two Types of Kinesins to
the Cytoskeleton of Two Flagella. We identified seven constituents of the FC, including the FC1 protein (22) . Defining the localization of these proteins has enabled a molecular description of the individual zones of the FC as diagrammed in Fig. 9 . This information, together with bioinformatics and depletion studies, provides a mechanistic insight into the function of individual constituents in the FC. FCP4/TbKin15, a member of the ubiquitous kinesin-15 family of microtubule plus-end-directed motors (32) , links the plus ends of extending new axoneme microtubules to the membrane junction in zone 1. Motifs responsible for ATP binding and hydrolysis are well conserved in the motor domain of FCP4/ TbKin15 (SI Appendix, Fig. S10 ), so the kinesin is likely capable of active motility. The force exerted by the kinesin on the microtubule ends, together with the lack of various axonemal complexes in this part of the axoneme, may explain the microtubule disorganization observed in the distal axonemal region of a growing T. brucei flagellum (33) . In plants, kinesin-15s were shown to attach plus ends of dynamic microtubules to the middle region of the phragmoplast, the key structure for plant cytokinesis (34) . Hence, the kinesin-15 family may have evolved specifically to provide a linkage and maintain an alignment between cellular structures and dynamic ends of microtubules.
The proteins FCP1, FC1, and FCP3 were localized to the TLC, corresponding to zones 2-4. FCP1 contains predicted membrane domains and is therefore the best candidate for a constituent of the interstitial zone 3 with its intraflagellar domains also contributing to zone 2 and/or 4. FC1 facilitates incorporation of FCP1 into the FC, possibly through direct interactions. FCP3 segregates into the old flagellum following FC severing, suggesting that it is a constituent of zone 4.
Zones 4 and/or 5 also contain two evolutionarily conserved kinases. They belong to ULK families already implicated in flagellum-related functions in animals (35, 36) with the mammalian ULK Fused demonstrated to be essential for construction of motile cilia (35) . Plant orthologs of both kinases were shown to be critical for the phragmoplast organization, resembling the function of plant kinesin-15s (37, 38) . Moreover, Arabidopsis Fused was shown to interact with the kinesin-15s (39) , and the involved motifs are conserved in FCP6/TbFused (SI Appendix, Fig. S11 ), indicating that the Fused kinase-kinesin-15 module is evolutionarily ancient. ULK4 from plants is enzymatically inactive and possesses a microtubule-binding activity (37) . Such an activity would be advantageous in the context of the FC. Another evolutionarily conserved kinase, polo-like kinase, was previously also shown to localize, among other structures, to the FC (40) .
The kinetoplastid-specific kinesin FCP2/TbKinX1 in zone 5 attaches the junction to the old axoneme. The kinesin is also likely to contribute to the movement of the junction along the axoneme, as analysis of the FCP2/TbKinX1 sequence suggests that it is ATPhydrolysis-competent (SI Appendix, Fig. S10 ). Our work shows that it is not essential for FC motility. Likewise, none of the other suggested sources of FC motility are necessary; the FC is motile in cells depleted of key intraflagellar transport system constituents, such as IFT88 (12) , with the cells showing both a deficient intraflagellar transport in the old flagellum (41) and the absence of the new axoneme extension (12) . A defective flagellar beating did not cause morphological phenotypes expected for an immotile FC, e.g., formation of flagellar loops (42) . Possibly, several of these processes contribute to the FC function with individual processes having a more prominent role when the others fail.
We discovered that the FC is a remarkable molecular machine with its principal mechanistic components being two types of kinesins functionally cross-connected by, and operating across, a membrane junction. Due to the asymmetry of the FC the two motors fulfill fundamentally different roles. They will no doubt differ in their biochemical activities required to produce a balanced movement and render the connection between the beating flagella robust, flexible, and dynamic.
The ACS Contains Kinetoplastid-Specific and Evolutionarily Conserved Proteins. CEP104 orthologs are present at the tips of flagella/cilia in diverse organisms, such as trypanosomes, Chlamydomonas, and mammals (this work and ref. 10), despite significant variance in morphology of the structures capping their axonemal microtubules. This points toward the involvement of CEP104 in fundamental processes that operate at flagellar tips. However, in contrast to Chlamydomonas and mammalian cells (10) , depletion of ACS3/TbCEP104 in trypanosomes has no gross effect on either the presence or the length of the flagellum (SI Appendix, Fig. S5 ). This indicates either functional redundancies in the trypanosome ACS or an intrinsic difference between a flagellum that is maintained through many cell cycles versus one that is renewed every cell cycle.
Two other T. brucei ACS constituents that we identified, ACS1 and ACS2, are unique for Trypanosoma and for trypanosomatids, respectively. Recently, another trypanosomatid-specific protein, FLAM8, was shown to localize to the distal region of the axoneme, including tips of axonemal microtubules (43) , and may also be an ACS constituent. Clearly, a subset of ACS constituents is of a restricted evolutionary distribution, explaining why comparative genomic approaches failed to identify them, and possibly accounting for the morphological variations between capping structures (44) .
Tip Structure Modulation and the Cell Cycle. The behavior of tip structure constituents implies that the tip structures are assembled very early during flagellum elongation at the onset of axoneme assembly (Fig. 6 ). This is consistent with EM analyses of growing cilia in other organisms (45, 46) . The sequence of structure assembly may reflect an ordering of protein availability; examining the trypanosome whole-genome mRNA profiling data by Archer et al. (47) revealed that levels of mRNAs coding for tip structure constituents consistently peak before those of axonemal proteins in the cell cycle.
In trypanosomes, the new flagellum extends whereas the length of the old flagellum does not change (48, 49) . Subunits for axoneme assembly must be preferentially imported into the new flagellum, requiring a mechanism that differentiates between the two flagella. We show that the new flagellum must also attract the ACS constituents and the new flagellum FC constituent FCP4/TbKin15. Moreover, a targeting mechanism for the old flagellum must also exist, providing for the selective import of FCP2/TbKinX1 and FCP3. As the material imported into a flagellum is recruited via the basal body and controlled by the TZ, proteins specific for the old or the new basal body/ TZ structures are likely to account for the specificity. These proteins are currently unknown, but biochemical approaches, such as the SIP, may identify them in the future.
In cells depleted of individual FC constituents, the FC appears initially functional, making it difficult to determine the role of the structure during early stages of flagellum elongation. As these cells progress through the cell cycle, the FC deteriorates, which may be caused by forces imposed on the FC by beating flagella. This appears to be the process that displaces the membrane junction and pulls out a membrane tube when the attachment to the old axoneme has been compromised upon depletion of FCP2/TbKinX1 (Fig. 7G) . Such forces perhaps underlie severing of the junction in late cytokinesis in wild-type cells, or precociously, if the junction has been weakened by depletion of its constituent, as observed in cells knocked down for FC1 (22) . Notably, this aberrant or absent flagella connection does not affect the new flagellum pattern on the cell surface (this work and ref. 22) , providing evidence for a dominant role of the flagellum attachment zone in flagellum positioning (50) . FC constituents are quickly removed post cytokinesis. This distinguishes them from the ACS constituents, which are always present at the axonemal tip. Therefore, there have to be mechanisms for selective removal of proteins and remodeling of the flagellar tip.
Understanding tips of flagella and cilia should be facilitated by the combination of the SIP approach and the distal tip constituents identified in this work. It is likely that studies in different organisms will give a coordinated view of the evolutionary cell biology of this important part of a fascinating cellular organelle.
Materials and Methods
Cell Growth and Preparation of Genetically Modified Cell Cultures. Trypanosoma brucei brucei procyclic cells of the strain SmOxP927 (51) were grown at 28°C in SDM-79 medium (Gibco) supplemented with 10% FCS (52) .
YFP-tagged proteins were expressed from endogenous loci. Construction of the FCP1-YFP-expressing cell line was done as described (18) . Other candidate proteins were N-terminally tagged with YFP (for details on tagging, see Dataset S1, part 3).
RNAi knockdown cell lines were prepared by cloning a gene-specific sequence into an appropriate vector (Dataset S1, part 3). The FCP2/TbKinX1 knockout cell line was prepared by inserting the sequences immediately upstream and downstream of the Tb927.3.4960 ORF into pJ1014 and pJ1015 vectors (gift of Jack Sunter, Sir William Dunn School of Pathology, University of Oxford, Oxford) (Dataset S1, part 3), which were used to knock out each of the two protein-coding alleles, respectively. Vectors or PCR products were transfected into trypanosomes following a standard protocol (53) . RNAi was induced by the addition of doxycycline (0.5 μg/mL final) to the medium. Reagents were purchased from Sigma unless stated otherwise.
Two-Dimensional Difference Gel Electrophoresis Comparison of Procyclic
Versus Bloodstream Flagellar Cytoskeletons. The procedure was done as described in detail in ref. 18 . Briefly, 1.5 × 10 8 of flagellar cytoskeletons prepared from procyclic and bloodstream cells using 1 M NaCl (see below) were labeled with a different cyDye (GE Healthcare). Samples were pooled and proteins were separated by 2D electrophoresis. Eighteen-centimeter pH3-11 nonlinear IPG strips (GE Healthcare) were used for the first dimension focusing, and second-dimension separation was performed using 10% wt/vol acrylamide/bisacrylamide SDS/PAGE. Protein spots were visualized in each spectral channel, and those of a significantly higher abundance in the procyclic sample were excised, digested with trypsin, and analyzed on a 4800 MALDI-TOF-TOF (Applied Biosystems) at the Central Proteomics Facility of Sir William Dunn School of Pathology, University of Oxford. Data were searched against a custom T. brucei protein database based on T. brucei genome version 2.2 (Tritrypdb.org).
Structure Immunoprecipitation Approach. Flagellar cytoskeleton preparation using 1 M NaCl. Flagellar cytoskeletons were prepared from FCP1-YFP-expressing procyclic cells using 1% Igepal CA-630 and 1 M NaCl and subsequently were fragmented by sonication. The sonicated material (input) was incubated with anti-GFP antibodies bound to Dynabeads (Thermo Fisher Scientific). The beads were pelleted, and the supernatant (the unbound material) was retained for further analysis. The bound material was eluted from the beads by incubating with a buffer containing 0.3% SDS. The fractions were analyzed with an LTQ XLOrbitrap mass spectrometer (Thermo Scientific). Peptides were identified by searching MS/MS spectra against a custom protein database based on T. brucei genome version 2.2 using the Central Proteomics Facility Pipeline (20) . Data from individual slices were pooled, and protein abundance was estimated using the SINQ tool (20) . For the detailed protocol, see SI Appendix. Flagellar cytoskeleton preparation using 0.2 M NaCl. For the FC SIP experiment, cytoskeletons were prepared from FCP1-YFP-expressing procyclic trypanosome cells as in the 1-M NaCl procedure. For the control SIP of the tripartite attachment complex, cytoskeletons were prepared from YFP-TAC102-expressing cells (54) . The cytoskeletons were briefly sonicated to break cellular microtubules, which was further facilitated by incubation on ice. Resulting flagellar cytoskeleton fragments were further fragmented by additional sonication. The subsequent immunoprecipitation step and sample analysis were performed similarly to the 1-M NaCl procedure (for details, see SI Appendix).
Immunofluorescence Staining. Procyclic cells settled on microscope slides were fixed in −20°C methanol or, to extract cytoskeletons, incubated in 1% Igepal CA-630 and fixed. The mouse monoclonal AB1 antibody and the rabbit polyclonal anti-FTZC and anti-ClpGM6 (for the flagellum attachment zone length measurements) antibodies were used following published protocols (13, 15, 27) . For more details, see SI Appendix.
Light Microscopy. Phase-contrast and fluorescence images of fixed cells and cytoskeletons were acquired using a Leica DM5500B microscope with a Leica 100× (N.A. 1.4) HCX PL APO oil immersion objective and an Orca-ER (Hamamatsu) or a Neo 5.5 sCMOS (Andor) digital camera. The images were acquired in Leica Application Suite Software. Length measurements and quantification of fluorescence signals were performed using ImageJ software (55) .
Electron Microscopy. TEM. Cells settled onto formvar-coated nickel mesh grids (Agar Scientific) were extracted with 1% Igepal CA-630 and labeled with anti-GFP antibody (Invitrogen A11122) and secondary goat anti-rabbit antibody conjugated with 10 nm gold (Sigma G7402). Samples were fixed in 2.5% glutaraldehyde, washed, and stained with 1% aurothioglucose (UPS Reference Standard). The grids were allowed to dry before imaging them on a Tecnai12 TEM (FEI). For more details, see SI Appendix. SEM. Cells were fixed in medium with 2.5% (vol/vol) glutaraldehyde for 2 h at room temperature with mild shaking (30 rpm). The fixed cells were centrifuged at 500 × g for 10 min, washed with PBS, and resuspended in PBS. The cells were settled onto coverslips, dehydrated with increasing concentrations of ethanol, critical-point-dried using an Autosamdri-815 critical point dryer (Tousimis), sputter-coated with gold using a Q150R Rotary-Pumped Sputter Coater/Carbon Coater (Quorum Technologies), and imaged using a JSM-6390 SEM (JEOL). Varga et al.
